and this study raises a number of interesting questions. Based on the current results, it appears that occipital cortex is the default fate but that some precursors have limited plasticity if transplanted into other areas of cortex. The types of precursor cells that have this plasticity and the mechanisms that underlie it are ripe for investigation. A second interesting issue concerns the dramatic temporal contrast between mouse and human neural development. In vitro mouse neural precursors mature within days or weeks, whereas maturation of human neural precursors takes months even when cells are transplanted into mice. This suggests that the rate of neuronal maturation is an intrinsic property of each species and raises questions about the underlying mechanisms that result in this difference between species.
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In summary, this study provides the most comprehensive characterization to date of the properties of human neurons developed from ESCs and iPSCs in culture. It shows that these cells are able to recapitulate in vivo development and form connections and projections to a remarkable degree. These findings set the stage for a more comprehensive use of human stem cells to study normal human brain development under both physiological and pathological conditions. In combination with recent developments in genome engineering and the generation of libraries of iPSCs from patients with neurodevelopmental disease, ESC-and iPSC-based models will be a powerful tool for basic and translational studies.
Flow of current in the synaptic cleft can influence diffusion of charged transmitters, such as glutamate. In this issue of Neuron, Sylantyev et al. (2013) demonstrate how this can modulate synaptic NMDA receptormediated responses via a surprising mechanism-perisynaptic metabotropic glutamate receptors.
In a solution, current flow reflects a net drift of ions rather than electrons as in metal conductors. Glutamate is a negatively charged molecule at physiological pH. It follows that current flow in a solution containing glutamate will cause a net movement of glutamate molecules, in the opposite direction to the conventional current. One place in the brain with both a high current density and an elevated concentration of glutamate is the synaptic cleft during synaptic transmission. Previously, Sylantyev et al. (2008) suggested that the effect of the synaptic current on glutamate diffusion could be strong enough to alter receptor activation. This original work raised several questions. It was unclear whether the mechanism represented an unchanging influence on synaptic transmission or could be modulated by physiological events. Additionally, it was difficult to verify predictions about the kinetics of synaptic currents originating in the distal dendrites of hippocampal pyramidal cells, as somatic recordings are distorted by filtering.
To address these questions, Sylantyev et al. (2013) have now turned to a new preparation. The glomerular synapse between cerebellar mossy fibers and granule cells has proved a fertile preparation for the study of synaptic mechanisms, with one of its principal advantages being the electrical compactness of the granule cell, which enables voltage-clamp recordings of synaptic events with a high temporal resolution. In revisiting the interaction of electric current flow and glutamate diffusion at this synapse, Sylantyev et al. (2013) now report a detailed characterization of the mechanism. Furthermore, using physiologically relevant voltage deflections mimicking action potentials to retard glutamate diffusion, Sylantyev et al. (2013) discovered a novel mGluRdependent signaling pathway that modulates synaptic NMDA receptors (NMDARs).
A reader's first reaction on parsing the abstract of the article by Sylantyev et al. (2013) might well be bewilderment due to the complexity of the mechanism described: a postsynaptic action potential alters an ongoing synaptic current, which modifies diffusion of glutamate, which causes increased activation of perisynaptic metabotropic receptors, which are functionally and nearly instantaneously linked via homer proteins to the synaptic NMDA receptors, increasing their activation, which naturally has a role in the induction of plasticity. Here, we break down this complex mechanism, discussing the key results in reverse order.
We begin therefore with the action of metabotropic glutamate receptors (mGluRs) on NMDA receptors. Sylantyev et al. (2013) excised nucleated patches (Sather et al., 1992 ) (granule cell somata) from acute cerebellar slices and subjected them to fast applications of agonists and antagonists. As seen in Figure 1A , application of glutamate elicits a current carried by NMDA receptors (AMPA receptors were blocked); inward currents at a negative potential and outward currents at a positive potential were systematically recorded. Addition of group I mGluR antagonists LY 367385 and MPEP reduced the current. When NMDA instead of glutamate was applied ( Figure 1B ), no effect of the mGluR antagonists was observed. This difference is interpreted as reflecting activation by glutamate but not NMDA of mGluRs, which then augment the NMDA current.
Drugs acting on mGluRs used to have a very bad reputation due to their off-target effects on NMDA receptors (Contractor et al., 1998) . It was therefore important to rule out such nonspecific effects. Possible actions, often linked to contaminants, include activation or inhibition of the glutamate or glycine site and also channel block (which is often voltage dependent). The lack of effect on NMDA responses suggests the mGluR cocktail has no action at any of these loci under the experimental conditions. Similar insensitivity was observed with a subsaturating NMDA concentration, confirming the absence of competition for the glutamate site. In addition to the consistent actions of several mGluR agonists and antagonists, Sylantyev et al. (2013) show in cultured granule cells transfected with shRNA against Grm1a (mGluR1a) that NMDA responses were not affected by DHPG, a selective mGluR1a agonist that modulated NMDA responses in control cells, thereby corroborating the extensive pharmacology.
The classic signaling pathways for mGluR1a involve G proteins coupling to phospholipase C, releasing diacylglycerol and IP 3 , which activate PKC and release calcium ions from intracellular stores, respectively. Surprisingly, NMDA receptors do not seem to be modulated by these pathways, as inclusion of GTP-g-S, pertussis toxin, or calcium buffer BAPTA in the pipette solution did not alter the modulation. If mGluRs modulate NMDARs independently of these G protein signaling mechanisms, how do they act? In postsynaptic densities, NMDA and mGluRs are physically linked by a scaffolding complex containing the protein Homer (Scannevin and Huganir, 2000) . Interestingly, this interaction has been shown to alter NMDA receptor currents (Perroy et al., 2008; Moutin et al., 2012) . The short form of Homer, Homer1a, lacks a coiled-coiled domain essential for multimerization and therefore displays a dominant-negative phenotype that disrupts postsynaptic protein scaffolds. Taking advantage of this dominant-negative phenotype, Sylantyev et al. (2013) found that NMDA receptor modulation was blocked by expression of Homer1a, suggesting that the modulation normally operates via protein-protein interactions involving mGluRs, Homer, and NMDA receptors.
The kinetics of the mGluR modulation of NMDA responses are potentially significant. Because responses to glutamate but not to NMDA were sensitive to mGluR antagonists ( Figure 1A) , it was concluded that glutamate itself activates mGluRs and thereby enhances the NMDA receptor-mediated current elicited by the glutamate. The glutamate applications last a mere 1 ms and the enhancement is clearly visible at the peak of the NMDA current, a few milliseconds after the application. This is the basis for Sylantyev et al. (2013) 's suggestion of rapid signaling on a millisecond timescale. Such extreme speed would certainly indicate the existence of hitherto unsuspected mGluR signaling mechanisms, possibly along the lines of the direct protein interactions suggested by the authors. However, because these experiments involve repeated applications to form the averages shown, it remains difficult to exclude entirely the possibility of slower signaling building up during the repeated applications; indeed there are suggestions in the paper that the modulation can be quite long lasting (see below). The kinetics of the mGluR action will clearly be an interesting subject for future studies.
Another interesting question is the location of the mGluRs. The nucleated patches only rarely include synapses, so presumably both receptor types can be extrasynaptic. We shall see below that Sylantyev et al. (2013) 's modeling suggests a perisynaptic location for the mGluRs. This recalls the discovery of NMDARs in ''attachment plaques'' found between synapses on the granule cell (Petralia et al., 2002) ; could those same plaques contain mGluRs?
Having established the existence of the mGluR modulation of extrasynaptic NMDAR-mediated responses, the next question is whether it can operate on synaptic NMDARs. Several agonists and antagonists of mGluRs are indeed able to modulate a synaptic NMDAR-mediated component (isolated pharmacologically). Some examples are shown in Figures  1C and 1D , in which DHPG enhances responses, whereas the LY 367385/ MPEP cocktail reduces them. The bidirectional effects suggest that a degree of modulation is maintained by normal synaptic transmission. The fact that these pharmacological effects are voltage independent argues against any intrinsic voltage dependence of the mGluR receptor signaling here.
Can the degree of synaptic mGluR activation be modulated? Sylantyev et al. (2013) show that a brief, 2 ms depolarization to +50 mV, intended to mimic an action potential, increased the NMDARmediated current at negative potentials if timed to be present when transmitter was still in the cleft and when synaptic current was beginning to flow (Figure 1E) . Conversely, the reversed NMDAR-excitatory postsynaptic current (EPSC) recorded at positive potentials could be reduced by a brief hyperpolarization with the same timing. These modulations by the voltage changes were reduced or abolished by the presence of an mGluR antagonist or agonist ( Figure 1F) . Sylantyev et al. (2013) tested the effects of voltage because their modeling of glutamate diffusion and receptor activation suggested that the flow of synaptic current in the cleft could influence the diffusion of glutamate (''electrodiffusion''). In the present study, Sylantyev et al. (2013) exploit fully the excellent voltage-clamp conditions in the granule cell. They provide compelling evidence for an effect of the synaptic current on activation of AMPA receptors (AMPARs) via alteration of glutamate diffusion. In particular, they show that the duration of the AMPARmediated EPSC component depends as expected on the direction and strength of the synaptic current and thus only indirectly on voltage. Receptor responses to fast applications exhibit no intrinsic voltage dependence. A differential action of the competitive antagonist g-D-glutamylglycine is consistent with a modulation of the effective glutamate concentration. Sylantyev et al. (2013) 's conceptual framework suggests that mGluRs at some distance from the point of release are exposed to glutamate at a time when both AMPAR-and NMDAR-mediated EPSC components, which can be of comparable amplitude at the mossy fibergranule cell synapse (Cathala et al., 2000) , are active. Consequently, modulation of either or both currents by a spike can significantly alter the concentration time course of glutamate reaching the mGluRs. (Note that it is essential for the spike to occur when a synaptic current is flowing, otherwise no current would flow in the synaptic cleft and there would be no effect on glutamate diffusion.) In contrast, because the response of synaptic NMDARs is largely driven by the glutamate concentration in the cleft, which is thought to peak before receptors activate, direct modulation of glutamate diffusion by a spike is likely to exert a relatively modest influence on this component. Consistently with this, no modulation of the NMDA receptor component by brief voltage jumps is observed when mGluRs are blocked.
Finally, the mGluR-dependent increase of the NMDAR-mediated synaptic current driven by spike-EPSC pairing is, or can be made, long lasting. Thus, Sylantyev et al. (2013) show that a period of 20 such pairings causes an increase of the NMDARmediated current of amplitude similar to the effect already described and that lasts for more than 5 min after the pairing without apparent decrement. Only NMDAR-mediated currents (not AMPARmediated currents) appear to be modulated in this way and the potentiation depends upon mGluR activation, properties identical to those of the modulation studied on a shorter time scale in the rest of the paper.
What are the perspectives arising from this work? The demonstration of spikedriven modulation of glutamate diffusion and the sensitivity of mGluRs to this modulation are novel mechanisms of general interest that may apply at many other synapses in the brain. Subjects of particular interest for subsequent studies include the precise localization of the mGluR receptors, the signaling pathways activated by the mGluRs and their kinetics. Because mGluRs are able to activate multiple, complex intracellular signaling pathways, a final, open question is: what other actions might this mechanism have?
